Estimates of covariance components between scrotal circumference, serving capacity, days to calving, yearling and final weight were obtained for Hereford, Angus and Zebu cross cattle in temperate and tropical Australia. Analyses were carried out by restricted maximum likelihood employing a derivative-free algorithm and fitting bivariate animal models. Aspects of modeling and computational requirements related to the use of this method are discussed. Estimates of heritabilities agreed closely with those from univariate analyses, being low for female reproductive performance and moderate to high for male reproduction and growth. Estimates of genetic correlation between male and female fertility traits were low but favorable, being -.25, -.28 and -.41 between scrotal circumference and days to calving for Herefords, Angus and Zebu crosses, respectively. Genetic correlations between male reproductive traits and weights ranged from .24 to .52 for the temperate breeds and were higher (.65 to .69) for Zebu Crosses. Phenotypic correlations between scrotal circumference and weights were similar for all breeds, ranging from .32 to .47, while serving capacity and weights were phenotypically unrelated. Estimates of correlations between days to calving and weights were less consistent. Phenotypically, there was little association between the two traits. Genetic correlations for Zebu Crosses were negative and low to moderate (-.36 to -.66) while estimates for Angus were close to zero.
Introduction
Fertility of males and females and successful reproduction are important to efficient beef production. Wholeherd records on female reproductive performance are becoming available as female inventory recording systems are being implemented to assist in the reproductive management of herds and the management of breed association accounts. While genetic evaluation of beef cattle so far has generally concentrated on growth traits, there is evidence of sizable genetic variation in male and female reproductive performance and of favorable genetic relationships between them (see Mackinnon et al. (1990a) and references given therein). Hence there is considerable scope for selection. Methodology employed in the prediction of breeding values today largely features BLUP under an animal model. The animal model is most advantageous for less heritable but highly variable traits. Its multivariate implementation is of added value for such traits especially when correlated, variable and highly heritable 'marker traits' exist which are less expensive to measure.
The latter appears to be the case for female fertility but few estimates of the relevant genetic parameters are available.
Ideally, estimates of variance and covariance components should be obtained employing the same model of analysis and statistical principles as invoked in routine genetic evaluation schemes. In relation to BLUP procedures as discussed above, an obvious choice for continuous traits is restricted maximum likelihood (REML) estimation fitting an animal model. Due to computational demands this has found little practical application so far, especially for multivariate analyses. Availability of a derivative-free REML algorithm, as suggested by Graser et al. (1987) , and appropriate software (e.g. Meyer, 1988) , which does not require the direct inverse of the coefficient matrix in the mixed model equations and, in addition, allows sparse matrix techniques to be exploited (Tier and Smith, 1989) , have recently stimulated interest in this kind of analysis and facilitated its use for practically sized data sets. Meyer et al. (1990) obtained animal model REML estimates of heritabilities and repeatabilities for a number of reproductive traits in Australian beef cattle, identifying scrotal circumference and number of days from the beginning of the joining period to calving as the most suitable male and female reproductive traits respectively, to include into a genetic evaluation scheme for beef cattle like BREEDPLAN (Nicol et al., 1985) . The objectives of this study were to estimates covariances among male (scrotal circumference and serving capacity) and female (days to calving) reproductive traits and with growth characteristics, utilizing REML with a multivariate animal model.
Material and Methods

Data
Records and traits considered in this study were a subset of those utilized by Meyer et al. (1990) . Data for Herefords were obtained from a commercial stud herd, located in South-Eastern Australia. Records for Angus originated from the experimental herd maintained at the New South Wales Agriculture and Fisheries Research Centre at Trangie. Data for tropical crossbred cattle of two breed compositions (henceforth referred to as genotypes), synthetics of Africander, Brahman, Shorthorn and Hereford cattle, were obtained from the C.S.I.R.O.'s National Cattle Breeding Station, Belmont, near Rockhampton. Both experimental herds were subject to selection; see Meyer et al. (1990) for more details and appropriate references.
Traits considered for bulls were scrotal circumference, measured between one and two years of age, and serving capacity test (Blockey 1976) , with all serving capacity records standardized to a 20 minute test. Table 1 summaries characteristics of the data structure and gives raw means and standard deviations. While serving capacity records for Angus were available, they were not utilized in this study as testing of these bulls was carried out at about one year of age, and failed to identify genetic variation among animals (Meyer et al. 1990 ).
Days to calving, defined as the time period (in days) between beginning of the joining period and corresponding calving date, was calculated for each successful breeding season. Apart from a constant, days to calving is equivalent to the trait 'calving date' often considered in the literature. As suggested by Notter (1988) , cows not calving, which were likely to be worst in genetic potential to conceive during a restricted mating period, were assigned a predicted value derived from normal theory (see Meyer et al. (1990) ). This facilitated inclusion of records on non-pregnant cows in the analysis and thus allow better identification of genetic differences between animals. This was a simple and ad hoc approach to make allowance for the fact that days to calving, measurable only for cows with a successful calving, is a censored variable. Other, more appropriate procedures exist, see, for instance, Carriquiry et al. (1987) , but are more complex. Table  2 shows numbers of records and means including and excluding open cows. For Zebu Crosses, information on weight at mating was available and was incorporated in analyses of days to calving. Auxilliary analyses for this breed considered weight at mating as a trait. Meyer et al. (1990) .
b Line-year-month subclasses (as defined in the text) for weights; years for serving capacity and scrotal circumference Growth traits considered were yearling weight, taken between 300 and 500 days of age, and final weight, recorded between 500 and 700 days. Numbers of records available and raw means and standard deviations for weights are given in Table 1 .
Analyses
Analyses were carried out by REML using a derivative-free algorithm. This involved a direct search for the maximum of the (log) likelihood function (L) which required the repeated evaluation of log L. The search strategy used was Nelder and Mead's (1965) simplex procedure. Multivariate REML estimation under an animal model using the derivative-free approach and this maximization procedure has been described by Meyer (1991) . While this is, in principle, suitable for multivariate analyses considering several traits, the number of parameters to be estimated simultaneously increases rapidly with the number of traits considered. In turn, the number of likelihood evaluations needed, and thus the computational requirements involved, rise dramatically with the number of parameters, i.e. the dimension of search. Thus analyses in this study were carried out considering only two traits at a time, estimating up to 7 (co)variance components per bivariate analysis.
Fixed effects fitted for the reproductive traits were as in previous univariate analyses, differing slightly between data sets and the availability of information for them; see Meyer et al. (1990) for a more formal description. Fixed effects for growth traits were similar to those considered in BREEDPLAN. Systematic effects taken into account were sex, birth type (single vs twin), previous lactation status (wet vs dry), year of birth of the cow, management group and time at which the record was taken. For weights in Angus, the latter were defined as selection line by year-month of recording subclasses as preliminary analyses had identified a line by year-month interaction. Age at recording, age of dam and weight at mating were considered by fitting them both as linear and quadratic covariables. Table 3 summarizes the components in the fixed part of the model of analysis for all traits and breeds.
All analyses fitted an animal model, i.e. a random effect for the additive genetic merit of each animal and for each trait, and included all pedigree information available. Hence parameters to be estimated in each bivari- 
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Age at recording X X X X X X X X X X Dam age X X X X X X X X X X Weight at mating X d Fixed Effects Herd-year X X X X Herd-year-month X X X X Line-year-month X X Herd-year of joining X X X Herd-year of birth X X X Prev. lact. status X X Sex X X X X X X Birth type X X X X X X Management group X X Genotype X X X X Random Effects Additive genetic X X X X X X X X X X X X X Permanent environment x x x a X : effect fitted in all analyses, x: effect fitted in some bivariate analyses, depending on the second trait considered b S. ate analysis included the additive genetic variances for both traits (σ 2 Ai for i=1,2) and the genetic covariance (σ A12 ) between them. Whether or not the model of analysis included additional random effects representing the animals' permanent environment and which error components were estimated then depended on the pair of traits considered. Four different types of analyses could be distinguished.
Analysis I dealt with male and female reproductive traits jointly, i.e. either scrotal circumference or serving capacity together with days to calving. With traits measured on different subsets of animals, both the temporary (σ E12 ) and permanent (σ C12 ) environmental covariances could be assumed to be zero. To account for repeated records for days to calving, a permanent environmental effect of the animal was fitted as described by Meyer (1989) . With zero error covariances, it was feasible to fit this only for days to calving and not the second (single record) trait in the bivariate analysis. Correspondingly, only one permanent environmental variance was estimated, yielding a total of 6 parameters for analyses of type I, namely the 3 additive genetic components (σ 2 A1 , σ A12 and σ 2 A2 ), the two residual error variances (σ 2 C1 + σ 2 E1 and σ 2 E2 ) and the permanent environmental variance (σ 2 C2 ) for days to calving. The second type of analysis (II) considered a male reproductive trait together with a growth trait or scrotal circumference together with serving capacity. With single records per trait and a proportion of animals (bulls) having records for both traits, no additional random effects were required and all components could be estimated, i.e. 3 additive genetic (co)variances and 3 residual (co)variances.
Analysis III dealt with days to calving (or weight at mating for Zebu Crosses) together with either yearling or final weight. As the two traits in each of these bivariate analyses were measured at different times, all covariation between them other than additive genetic was assumed to be due to permanent environmental effects, i.e. σ E12 was assumed to be zero. Initial analyses fitted, as in analysis I, an additional random effect representing the permanent environment of the animal to account for repeated records for days to calving. With σ C12 non-zero, however, it was necessary to fit such an effect for both traits in the bivariate analysis. This was found to be problematic, analyses failing to converge or estimates converging to boundaries of the parameter space. Essentially, the estimation procedure failed to separate permanent and environmental covariances adequately for the trait with single records, as relevant information was only available through animals (cows) with records for both traits and more than one measurement for the trait with repeated records.
This problem was overcome by reparameterizing to an equivalent model with animals' additive genetic values as the only random effects and accounting for the permanent environment of the animal through covariances between residuals. Under this model, the residual variance of the trait with single records could be estimated as a single parameter, i.e. no attempt was made to split it into its permanent and temporary components. This reduced the number of (co)variances to be estimated by one, yielding a total of 7 parameters for analysis III : the 3 additive genetic (co)variances, the residual variance for weights (σ 2 C1 + σ 2 E1 ), the permanent (σ 2 C2 ) and temporary (σ 2 E1 ) environmental variances for days to calving, and the permanent environmental covariance betwen the two traits (σ C12 ).
This parameterization reduced computational requirements for analysis III substantially, not only by reducing the dimension of search by one with a corresponding reduction in the number of likelihood evaluations required, but also by improving the effectiveness of the search for the maximum of the likelihood function. In addition, it reduced the time required for each evaluation of log L markedly, as the number of animal effects fitted was halved. The latter holds regardless of the number of traits with repeated records. Hence, for multivariate analyses, the equivalent model accounting for permanent environmental covariances through covariances among residuals appears computationally preferable over a model fitting appropriate additional random effects explicitly.
Finally, analysis IV considered days to calving and weight at mating for Zebu Crosses. With repeated records for both traits and records taken at corresponding times, there were 9 parameters, namely 3 additive genetic, 3 permanent environmental and 3 error (co)variances. As in analysis III, an equivalent model accounting for the permanent environment of animals through covariances between residuals was fitted.
As suggested by Nelder and Mead (1965) , the search for the maximum of log L was terminated when the variance of function values in the simplex fell below a specified value. Experience with multivariate REML analyses generally has been that estimates of the variance components were very similar to those from corresponding univariate analyses, unless there were problems of selection bias or one trait explained a substantial proportion of the residual variation for the other trait(s). This fact was utilized to reduce the number of likelihood evaluations required in the following way : Estimates of variance components for all traits were obtained from preliminary univariate analyses (or from Meyer et al. 1990 for reproductive traits). Multivariate estimation was then carried out in two steps. Firstly, log L was maximized with respect to the covariance components (σ A12 , σ C12 or σ E12 ) only, assuming all variances were equal to their univariate estimates. This involved a one-dimensional search for analysis I and a two-dimensional search for analyses II and III. The second step then considered all parameters in the model simultaneously. A limited number of comparisons carried out using the same starting values, showed this simple modification in search strategy to reduce the number of likelihood evaluations required to about two thirds of those needed when maximizing with respect to all parameters in a 'one-step' procedure.
A non-stringent convergence criterion of 10 −3 for the variance of function values in the simplex was imposed for the first step in maximizing with respect to the covariances only. For the second step, considering all parameters, the same value was used initially, followed by a restart (using the estimates obtained so far as starting values) with a stringent convergence criterion of 10 −8 . If the final estimates of variance components differed considerably from univariate values, another restart was carried out in order to check for convergence to a local rather than global maximum.
There has been some evidence for convergence of a multivariate animal model REML procedure to local (Groeneveld and Kovac, 1990) . In this study an increase in likelihood and change in parameter estimates upon restart occurred on a number of occasions but primarily for the smaller data sets. Clearly, there is a need for further research on potential number of maxima of the likelihood function for multivariate animal models and on the performance of the numerical procedures employed in obtaining REML estimates. In the meantime, judicious inspection of results and restarting the search procedure at the maximum appear to be reasonable safeguard procedures.
Results and Discussion
Male and Female Reproductive Traits
Results from joint analyses of male (scrotal circumference and serving capacity) and female (days to calving) reproductive performance are summarized in Table 4 . Overall there was very close agreement with estimates of variance components and, consequently, heritabilities (h 2 ) and repeatabilities from univariate analyses (c.f. Tables 1 and 2 ). Estimates of the additive genetic covariance were low and negative throughout, i.e. there was a weak but consistently favorable association, of about -.3, between scrotal circumference and days to calving, although serving capacity and days to calving were essentially unrelated. Adjusting days to calving in Zebu Crosses for weight at mating had little effect on genetic covariance and correlation with scrotal circumference. Estimates of covariances between scrotal circumference and serving capacity were small and correlations were essentially zero.
Literature results for related traits have been similar. Toelle and Robison (1985) reported favourable genetic correlations (r G ) of about equal magnitude to those found in this study between scrotal measurements and a number of female reproductive characteristics for Hereford cattle. For instance, estimates of r G with scrotal circumference at 365 days were -.39 for age at first breeding and -.42 for calving interval. Mackinnon et al. (1990a) examining calving success, coded as 0 or 1 for no calf and a calf born, respectively, found a genetic correlation of .27 between cow and bull fertility and cited a number of studies, both in cattle and other species, which provided similar evidence for a low but favorable genetic relationship between male and female reproduction. Mackinnon et al. (1990b) found a positive correlated response in scrotal circumference in a herd of Droughtmaster (Brahman × Shorthorn) cattle selected for cow fertility, with estimated breeding values for pregnancy rate as the selection criteria, and concluded that selection for cow fertility resulted in accelerated sexual maturity in both sexes.
Male Reproductive Traits and Growth
Estimates of heritabilities for yearling and final weights from preliminary univariate analyses are given in Table 1 . With values between .27 and .50 they are well within the range of previous literature estimates. Consistently higher estimates for Angus than for Herefords were presumably in part due to differences in management and recording practices between experimental and commercial herds. Furthermore, there were differences in selection strategies, the commercial herd placing more emphasis on weaning weight while the Angus herd was selected for high or low growth rate to one year of age. In addition, the experimental herd had a greater amount of pedigree information available to facilitate removal of selection bias in the analysis. Lower estimates for the experimental Zebu Cross herd were consistent with results from Mackinnon et al. (1991) .
As the numbers of animals with records for both male reproductive traits and weights in Table 5 indicate, most Hereford bulls had a final but not a yearling weight record, while in the experimental Angus herd most males were weighed only at one year of age. As above, estimates of variance components and heritabilities corresponded closely to their univariate counterparts. Some increase in heritability for scrotal circumference (over the estimate from univariate analyses) was anticipated when analyzing scrotal circumference and weight together, due to removal of variation in weight not accounted for by adjustment for differences in age. However, only the analysis of scrotal circumference together with yearling weight in Herefords produced a marked increase in h 2 for scrotal circumference, from .57 to .65. In this data set, age at measuring scrotal circumference was highly variable (c.f. Table 1 ) but only few bulls had records for both traits, i.e. the estimate of the environmental covariance was expected to have a high sampling variance. Hence no conclusion could be drawn about adjustment for non-age determined variation in weight affecting scrotal circumference.
Estimates of additive genetic covariances were positive among all traits. Corresponding genetic correlations were low to moderate (.24 to .52) in the Angus and Hereford herds and consistently higher (.65 and .69) for the Zebu Cross cattle. The positive correlations indicate that information from the direct measurements of scrotal circumference and growth traits would augment each other when included in a multiple trait genetic evaluation system. In spite of moderate, favorable genetic correlations (.39 and .52), estimates of phenotypic correlations (r P ) between serving capacity and weights were close to zero. Corresponding values (r P ) for scrotal circumference ranged from .32 to .47.
Again, estimates were consistent with literature reports. Bourdon and Brinks (1986) reported genetic and phenotypic correlations between yearling weight and scrotal circumference at 365 days in Herefords of .39 and .37, respectively, with corresponding heritability estimates of .61 (yearling weight) and .49 (scrotal circumference). For the same breed, Nelsen et al. (1986) found correlations of .44 (r G ) and .35 (r P ) between scrotal circumference and weight measured at 403 days of age and of .61 (r G ) and .38 (r P ) at 490 days. Knights et al. (1984) estimated genetic and phenotypic correlations between scrotal circumference and yearling weight in Angus as .26 and .68, respectively. Mackinnon et al. (1990b) reported a genetic correlation of .63 between scrotal circumference and weight at 18 months in Droughtmaster cattle. No comparable results for covariances with serving capacity were found in the literature.
Female Reproductive Traits and Growth
Results from bivariate analyses of days to calving and weights are given in Table 6 . For Zebu Cross data, analyses were carried out both including and excluding weight at mating as a linear and quadratic covariable for days to calving. Univariate analyses for days to calving by Meyer et al. (1990) included this covariable as it reduced the estimate of the residual variance and increased the heritability slightly over that excluding it (see Table 2 ). In bivariate analyses with yearling and final weights, however, estimates of covariance components adjusting for weight at mating differed substantially from those ignoring it.
As for the other analyses, estimates of variance components agreed well with corresponding values from univariate analyses. Estimates of the permanent environmental covariance were consistently negative for the temperate breeds and, not adjusting for weight at mating, close to zero for the tropical cattle. This implied that the non-genetic effects causing Hereford and Angus cows to be heavier at 12 or 18 months of age also reduced their days to calving, i.e. influenced fertility positively. Additive genetic and consequently phenotypic values varied between breeds and with time of weighing. Disregarding the high estimate of r G between yearling weight and days to calving in Herefords, which might well be attributed to sampling variation, there appeared to be little, if any a slightly favorable genetic association between growth and female fertility in the temperate breeds. In the Zebu Crosses, estimates of the genetic correlation not adjusting for weight at mating were markedly larger, -.36 and -.66 for yearling and weaning weight, respectively. Phenotypic correlations were generally negative but close to zero.
Fitting weight at mating as a covariable reduced estimates of the additive genetic covariance between days to calving and both weights substantially, indicating that a large part of the covariances estimated ignoring weight at mating could be explained through the effect of weight, or alternatively condition of cow, at mating on conception rates. At the same time, it resulted in a positive permanent environmental covariance so that phenotypic correlations remained essentially zero. Univariate analyses of weight at mating as a trait yielded a heritability estimate of .20, i.e. there was substantial genetic variation and, in fitting weight of mating as a covariable, there was considerable danger of removing genetic as well as environmental differences. Ideally, weight at mating should be included as an additional trait in a multivariate analysis with weight and days to calving but this was disregarded due to the computational requirements involved. Joint analyses of yearling and final weight with weight at mating gave high estimates of r G of .74 and .85, respectively. Days to calving and weight at mating showed only a weak association with estimates of the genetic, permanent environmental and phenotypic correlations of .21, .01 and .03, respectively.
Literature results generally indicate a zero or slightly negative genetic association between growth and fertility traits (Baker and Morris, 1984) . A low, negative genetic correlation has been between found between gestation length, which is a component of the composite trait days to calving considered here, and growth traits Brinks 1982, MacNeil et al. 1984) . Similarly, Smith et al. (1989) reported negative genetic correlations of magnitude less than .2 between yearling weight and date of first or second calving. In some contradiction with our estimates of moderate, negative genetic correlations between days to calving and growth, Mackinnon et al. (1990b) observed no correlated response for post-weaning growth in Droughtmaster cows selected for pregnancy rate.
